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Losses in Y-Junction Stripline and Microstrip

Ferrite Circulators
Robert E. Neidert, Member, IEEE, and Purobi M. Phillips, Member, IEEE

Abstract— This paper describes a complete theory to calcu-

late the dielectric, conductor, and magnetic losses of Y-junction
stripline and microstrip ferrite circulators in terms of 3-port
S-parameters. Calculations using thk theory are presented, and
compared with existing data for varied circulator parameters
over a frequency range of 1-100 GHz.

I. INTRODUCTION

N EW interest is evident in modernization of ferrite com-

ponent technology. Monolithic microwave circuit tech-

nology, which was perfected in the 1980’s, has permitted the

development of multidecade bandwidth amplifiers, multioctave

bandwidth subsystem components, and full systems that have

more than an octave bandwidth. The Y-junction circulator

is the workhorse of ferrite components. It can be used as a

3-port circulator, 2-port isolator, or a single-pole double-throw

switch. For new circulator technology, it would be useful to

increase the bandwidth capability (currently approximately an

octave), minimize the size (perhaps by using matching circuits

other than quarter-wavelength transformers), and create design

approaches that are compatible with monolithic circuits. The

first step is to have on hand an accurate theoretical analysis tool

to calculate intrinsic circulator performance, thereby permit-

ting simultaneous circulator and matching circuit optimization.

A theory to include full dissipation loss calculations has

been developed in fundamental ways so that 3-port S-

parameters of Y-junction stripline and microstrip circulators

can be calculated in the presence of dielectric, conductor,

and magnetic losses. A computer program for the analysis of

lossless circulators is publicly available [1]. It gives virtually

exact agreement with other published calculations for lossless

cases. This paper presents the theory involved in the loss

calculations, and describes the manner in which the theory

has been incorporated into the above computer program. Also,

calculations, with loss effects included, are compared with

existing data.

Landmark theoretical works on Y-junction circulators in-

clude the following:

s Bosma [2], who solves the simplified boundary-value

problem of the circulator ferrite disk by using a Green’s

function approach that relates the axial component of

the electric field to the circumferential component of the

magnetic field at the perimeter of the disk;
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●

●

Fay and Comstock [3], who describe the operation in

terms of counter-rotating propagation modes in the ferrite

disk

Wu and Rosenbaum [4], who predict octave band-

width microstrip circulator operation theoretically using

Bosma’s Green’s function analysis; and

Schlomann and Blight [5], who rederive the Bosma form

of the Green’s function fo~ negative effective permeability

(Ml ~ 0).

Some of the critical experimental stripline junction circula-

tor work has been the following:

“ Simon [6], who gives the results of tests on a wide range

of materials;

● Salay and Peppiatt [7], who clarify the sign of the reactive

part of the input impedance; and

● Schlomann and Blight [51 who show very wideband

performance over 3:1 bands.

Further background information

approximate circulator synthesis is

Soohoo [8] and Linkhart [9].

on ferrite theory and

compactly provided by

II. STRIPLINE AND MICROSTRIP JUNCTION CIRCULATORS

The field problem for the 3-port symmetrical Y-junction

stripline circulator has been addressed by Bosma [2] using the

notation in Fig. 1. He developed the form of Green’s function

relating Ez to EId among all the ports for lossless circulators

and for ~eff >0. Assuming e~Wt harmonic time dependence,

Bosma’s Green’s function takes the following form:

“F ~ - sinn(~ – ~’) – j~~($) cosn(# – #’)

n=l {J&(x)}2 -{: -}2

.Jn(k?-) , (1)

where z = kR and Zeff = [pOLJeff/(~Oef )] 1’2; cf being

the relative permittivity of the ferrite material, and k the

propagation constant, W(poeop.fief)l’2.

Schlomann and” Blight [5] rederived the Green’s function

for ~,ff < 0. Most circulators above approximately 2 GHz

have relatively small internal bias field, and the operating

frequency is far above the ferromagnetic resonance frequency.

For this case, the imaginary parts of M and ~ approach zero,

the real part of u approaches unity, and the real part of

K, is approximately TM, /w (using rationalized MKS units)

as shown in [3, Fig. 5], where T is the gyromagnetic ratio,
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Fig. 1. Circulator coordinate reference.

and ill, is the saturation magnetization. When I~ I becomes

greater than unity, which happens at frequencies below jm =

(7/2K)~~, then fl~fi = (U2 – ti2)/u becomes negative. In
order to make calculations possible below ~~, they rederived

the Green’s function terms for #.ff <0. The result is that the

terms Vo, Vn, and Un of the Green’s function written in the

following form:

CQ

G(T> qi; R, q$’) = V.+ ~ [Vn COSn(# – @’)

?l=l

+ U. sinn(q$ – #’)] (2)

change such that each sign is reversed, each Bessel function

Jn (k.??) becomes a modified Bessel function In (kR) of the

same order, each Bessel function derivative becomes a mod-

ified Bessel function derivative of the same order, and the

positive of p,ff is used.

Since no radial current flows from the edge of the center

conductor, Bosma suggested the following boundary condi-

tion:

( Ha) –7T/3-w<4<-7r/3+w,

[ zero) elsewhere.

Following Bosma, and using the condition for cyclic sym-

metry

G(O + 2~/3; & + 2Tr/3) = G(4; @’) , (4)

but notusing the condition for losslessness

G(qb’; q$) = –G*(qh; #) , (5)

if three quantities Cl, C2, and G’3 are introduced such that

c1 =
j~z,j ‘
—+ 5VG(–7/3; –7r/3)
2zeff ,

C2 = &VG(–7/3; 7r/3)
e

C3 = ~WG(–7T/3; T) ,
Zeff

(6)

then, after some algebraic manipulation, one obtains the fol-

lowing expressions for the three coefficients of the scattering

matrix:

Sll=l+.
TZd(C~ – CZC3)

jzefi(cj + c: + c: – 3CIC2C3)

S21 =
Tzd(c: – clc3)

2Z.E(C2 + C: + C: – 3C1C2C3)

S31=
7rzd(c; – CIC2)

(7)
jZeff(C; + C; + C: – 3ClC@S)

where the scattering matrix S is

The expressions for the coefficients S1l, S21, and S31 are

identical to those obtained by Wu and Rosenbaum [4], but the

Cl, C2, and C3 expressions above, unlike those in [4], are

valid for ~eff <0 by using the Green’s function for that case.

There is a small difference between the expressions for C:,,C2,

and C3 obtained in [4] and those here, in which [4] uses *

in the summation of terms in the expression for the Green’s

function and W is shown here. In the limit ~~=1 *

approaches @ so that the two are interchangeable if n is

reasonably large. Differences between the two are small in

calculations using n from 3 to 18. The computer program

discussed in this paper is set up to use ~ in the numerical
summation as in [4].

Very good agreement has been achieved with Wu and

Rosenbaum’s Iossless calculations using n = 3, and with

Schlomann and Blight’s lossless calculations with negative

p.ff below 5 GHz, and with n = 9, as shown in Figs. 2

and 3, respectively. The low-frequency extension below fm is

believed to be valid down to about fro/2 as described in [5].

III. THEORY OF Loss CALCULATIONS

A. Dielectric Losses

Modification of the lossless theory to account for dielectric

losses is done by introducing the complex dielectric constant.

- REACT (%VU& RO) e RES (VW& RO)

- + REACT (NEIDERT) - ~ RES (NEIDERT)
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Fig. 2. Comparison to Wu and Rosenbaum.
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Fig. 3. Comparison to Schlomann and Blight.

It is substituted for the real part used in lossless calculations,

and all subordinate calculations are carried through in complex

form. The complex dielectric constant is given by e = # –jc”,

where c“ = c’ tan 6, and tan 6 is the loss tangent of the ferrite

material,

B. Metal Conductor Losses

If the conductor is not perfect, then at the ferrite–metal

interface, in addition to the normal component of electric

field and tangential component of magnetic field, there exist a

small tangential component of electric field and a small normal

component of magnetic field. The basic philosophy behind the

conductor loss calculation is to find the new resultant electric

field EN = EZ +Ell, noting that Ell, like all the other fields in
the ferrite according to the original Bosma [2] assumption, has

no variation in the vertical direction. Then, following Bosma,

it is possible to derive an expression for A EN (r, ~) which

is related to I-IN (R, &)A#, where HN = Ho + Hl, and

llN(R, @’) is the value of HN (R, ~) at azimuth # over a

small angle A@’. The transfer function between AEN (r, ~)

and HN (R, @’) is the new Green’s function when conductor

loss is present, Once the form of a new Green’s function is

found, the new expressions for Cl, C2, and C3, and hence the

S-parameters, can be obtained by means of (6) and (7).

With the conductivity of the metal denoted by u and the

skin depth by 6 (6 = l/v’~ )“, while assuming e~wt time

dependence, the small parallel component of the electric field

can be written as [10]

~11 = +(l+j)(~ XHII). (9)

Using orthogonality, an expression for EN (T,@) and hence

AEN(r, ~) can be found

where

R Jn(x)
D. = J~(z) – —n—

Px

K Jm(kr)
X. = J~(kr) – ;nT

Jn(kr)
Y. = ~J~(kr) –nT . (11)

Denoting the Green’s function shown in (1) as GB after

Bosma, the new Green’s function in the presence of conductor

loss, and assuming e~wt time dependence, can be written as

GN=GB– GN1– GN2,

where GN 1 and GN2 are the two new terms. After some

tedious algebra, both of the new terms in the Green’s function

can be expressed as a sum of a zeroth-order term and a

summation involving positive n’s with coefficients attached

to sin n(~ – @’) and cos n(~ – #). The results are

, (ad -k) sin[n(fb - @’)] - j(ac - hi) cos[n(~ - @’)]
.—

(C2 - d2)

, (ed -W) sin[n(@ - ~’)] - j(ec - gd) cos[n(q$ - #’)]
.—

(C2 - d2)

If the center conductor and the ground plane metals are

different, with conductivities and skin depths al, z and 61, z
respectively, then the term ~ should be replaced by ( ~,iy +

*)
The S-parameters developed using this Green’s function

method are ratios of transimpedances and provide only part of

the information for determining conductor losses. By anallogy

to TEM waves between lossy parallel planes, the attenuation

constant is given by

8.686RS
~= dB per unit length,

~h

where RS is surface resistance, q is wave impedance, and h

is the height of the ferrite disk used in the analysis (the full

height for microstrip and half of the ground plane spacing for(lo)
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stripline). The S-parameters used here are equivalent to the

impedance ratio Rs/q in the expression for the attenuation

constant. In the circulator, then, it is necessary to use, for total

losses,

() ()(al)dB = 8.686 $ 1 = (fk)d~ ; ,

where S~~ is the scattering parameter from port n to port m,
and 1 is one-third of the ferrite disk circumference (2nR/3).

Because of the linear relationship between Rs = ~ and

dissipation loss in dB, which can be shown numerically for

small losses, the term ~ x ~ can replace ~ in the equations

for GNI and GNZ above.

A circulator operating at the point of infinite isolation and

perfect match is like a two-port circuit and its loss can be

calculated in an alternate way as a check on the circulator

calculations. A wavelength is )g = 4TR/3, since for the case

of perfect circulation, the input to output phase shift is 180

degrees. For copper conductors with RS = 2.61 x 10-7fl Q

and for q = 377/~, where = = c/( fAg), a simple

expression for loss through a length 2xR/3 can be developed

as

d(h, f )dB = 0.002822 I (hcrn&) .

This expression gives cd(O.375, 1.5) = 0.0061 dB, cd(O.05,

26) = 0.011 dB, and td(O.0035, 94) = 0.08 dB; while the

corresponding circulator calculations give 0.008, 0.015, and

0.071 dB. This agreement is quite satisfactory, especially since

the conductor loss is usually small compared with dielectric

and magnetic losses. However, the circulator conductor losses

increase with decreasing ferrite thickness. Also, although

matching circuits have not been discussed here, their conductor

losses are affected indirectly by ferrite thickness, since thinner

- ferrite means lower impedance level at the circulator, resulting

in higher loss for equal bandwidth at the eventual 500 level.

C. Magnetic Losses

In order to include magnetic loss in the calculation of the

S-parameters, the quantities p and K have to be considered as

complex. If # = ~’ —j~” and & = K’—jK”, then the real and

imaginary parts of p and K can be written as [8]

Wmwo[w; – U2(1 – a:)]
#’ =1+

[w; - U2(1 + c&)]2 + 4w2w&&

Umtiam [u; + U2(1 + a:)]

‘“= [w: – (.#(1 + a:)]2 + 4w2w;a&

–Wmw [w: – W2(1 + a:)]

“ = [w: – U2(1 + a&)]2 + 4w2w;a&

–2wow2amwm
6“ =

[w; – W2(1 + a:)]2 + 4w2w3a: ‘

where Wm = —Till c –TiM~ (A4, is the saturation mag-

netization). The resonance frequency, W., is related to the

applied internal magnetic field Hi by W. = –TH,; the

phenomenological damping term am is related to the linewidth

AH by am = –~; and T is the gyromagnetic ratio

whose value in rationalized MKS units is –2.21265 x 105

(rad/s)/(ampturns/m).

In the theory from which the equations for # and ~ were

derived [8], an is considered a constant and the linewidth AH

is the Ferromagnetic Resonance (FMR) linewidth. Although
published measured data are scarce [11], [12], the FMR

linewidth of at least some ferrite materials increases with

increasing frequency, which would be necessary for am to

remain constant. In the calculations to be given here, am is

assumed constant and its value is derived from the material

supplier’s data at X-Band, using the FMR linewidth. The

magnitude of the total losses, using magnetic loss calculated

in this way, is in good agreement with reality.

IV. RESULTS

It is difficult to find enough reliable published data on any

specific circulator to test the loss theory described here. It

would also be very expensive to carry out a unique fabrication

and test program of many circulator designs at many different

frequencies. But there is a different and perhaps better way

to do it, using published information on many state-of-the-art

designs over all of the microwave frequency range from 1

to 26.5 GHz. If agreement between measured and calculated

losses can be shown over this whole range, using reasonable

analysis of published information, then the validity of the

theory is confirmed.

The method used here for testing the loss calculations

starts with Fig. 4, where the loss results or specifications

are summarized for more than 80 state-of-the-art coaxial

Y-junction circulators [13]. In Fig. 4, the wideband circulator

designs are the “high” loss entries and the narrowband designs

have the lowest losses. This is generally because the wideband

designs must incorporate more-extensive matching circuitry. It

is safe to say that the dashed boundary line drawn to connect

the lowest loss points in Fig. 4 constitutes something fairly

close to the state-of-the-art intrinsic circulator loss at any

frequency. Even these values contain some connector losses

0 5 10 15 20 25 30

FREQUENCY (GHz)

Fig. 4. State-of-the-art coaxial Y-junction circulator insertion loss versus
frequency.
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so that the actual intrinsic circulator losses must be slightly

less than those along the minimum loss connecting line.

Several narrowband stripline circulators were designed by

the coarse ground rules in [9], and briefly optimized with

the computer program discussed here, using “catalog” low

FMR linewidth materials from Trans-Tech. The calculated total

losses of these designs (at the highest isolation point) are given

by the squares in Fig. 4. The calculated points do not fall on

a smooth curve because independent designs were carried out

for each frequency. Actual ferrite materials suited for each

frequency were used, rather than using hypothetical material

parameters which could produce smoother looking results.

The material used is given at each point. No matching losses

are included in the calculated values, so they are “intrinsic”

values. All designs used copper conductors and CV = 10

for the medium outside the ferrite disk. The magnitudes

of these calculated losses are in good agreement with the

estimated intrinsic losses of existing circulators, and the slope

of the calculated loss versus frequency is like that of existing

circulators. Therefore, the theory here appears on solid ground,

It is interesting to see the breakdown of losses into the three

types, For instance, at 1.5 GHz using circulator design A, the

dielectric loss is 0.002 dB (2%), conductor loss for copper is

0.008 dB (7%), and magnetic loss is 0.111 dB (91%). Then at

26 GHz using circulator J, the dielectric loss is 0.003 dB (l%),

conductor loss for copper is 0.015 dB (796), and magnetic

loss is 0.214 dB (92%). An extrapolation to 94 GHz, using

‘fT86-6000 material, gives dielectric ‘loss of 0.11 dB (33%),

conductor loss for copper of 0.071 dB (2170), and magnetic

10SSof 0.154 dB (46%).

A few general observations can be developed from the

calculations completed, using modern ferrite/garnet materials.
.

●

✎

✎

✎

There is a strong correlation between low intrinsic losses

and narrow FMR linewidth, as shown by calculated points

l?(AIY = 40 Oe) and C(AH = 100 Oe) and by points

D(AIJ = 45 Oe) and E(A13 = 150 Oe).

The intrinsic losses of coaxial Y-junction circulators are

small, and magnetic loss is usually the largest contributor.

Wideband circulator losses are dominated by match-

ing circuit losses, not by the intrinsic circulator losses.

In Fig, 4 of [5], the measured data on a broadband

(3-10 GHz) stripline circulator show a bit less than 1 “dB

of insertion loss at 7 GHz, the approximate frequency of

the isolation maximum, most of which is dissipation loss.

At that frequency, the calculated total intrinsic loss of

the circulator disk is only 0.08 dB, while the calculated

loss of two passes through the 8–50 Q matching tapers

is 0.9 dB for copper conductors and alumina dielectric.

These tapers are very long for experimental purposes and

do not necessarily provide the lowest loss achievable.

Intrinsic conductor loss is usually negligible, perhaps

even at mm-wave frequencies, unless the circulator is
extraordinarily thin.

Dielectric losses are usually negligible at lower frequen-

cies, but may dominate at mm-waves. This observation is

supported by the results of a waveguide example in [14],

where the major importance of material loss tangent and

resultant dielectric loss at 95 GHz is discussed.

An example of the effect of loss on the three-port charac-

teristics is shown in Figs. 5 and 6. The circulator design is

the same as that which produced the G data point in Fig. 4.

The insertion loss result in Fig. 5 increases as expected.

But the return loss and the isolation are seen to increase

or to decrease, relative to the lossless values, depending on

frequency. The reference characteristic impedance for the

curves of Fig. 5 is 14.5 Q. The effect .on input impedance

is shown in Fig. 6. The input resistance increases a very small

amount, and the reactance change may be interpreted as a

slight shift downward in center frequency.

The work done here is specifically for a circular ferrite

resonator shape. Koshiba and Suzuki [15], using a numerical

approach, calculated the magnetic dissipation loss for TTl-

109 circulator resonators of three different shapes in a WR-90

waveguide junction, Their loss results at the frequency of the

isolation peak, when that frequency is 10 GHz, vary from

about 0.05 dB for a depressed-side triangular resonator to

about 0.08 dB for a,circular resonator. This suggests that when

extremely low total dissipation loss is needed, there may be
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Fig. 5. Circulator three-port performance versus 10SS.
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some loss advantage to shapes other than circular; but the

applications must be narrowband so that intrinsic circulator

losses are not overwhelmed by matching circuit losses.

V. SUMMARY

The main objective here has been to produce a theory to

calculate the intrinsic performance of Y-junction circulators

with losses, from physical dimensions and magnetic properties

of the ferrite material and embedding structure. This has been

done, with full 3–port S-parameter calculations in the pres-

ence of dielectric, conductor, and magnetic losses. Excellent

agreement with other authors’ lossless calculations has been

shown, and reasonable loss predictions are made. This gives

confidence that the theory can be used for further work on

circulator improvements and on the general understanding of

dissipation losses.
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